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ARTICLE INFO ABSTRACT

Available online 4 April 2022 Boring bars are inherently slender tools which are prone to show chatter problems due to their low dynamic

stiffness and damping, being this problem their main limitation in productivity. The onset of chatter is

Keywords: mainly related to the dynamic stiffness of the bending mode of the boring bar when the length L to dia-
Chatter meter D ratio is higher than 4. Tuned mass dampers (TMD) are effective technical solutions to increase the
;t;r?rllhty dynamic stiffness of large ratio boring bars. However, there are many applications where 4-6 L/D ratio tools
RCSAg are required, and the avoidance of chatter without the application of TMDs is interesting due to the high

cost of damped tools. This work proposes the use of mode coupling effect to increase the damping and
stabilise the machining process avoiding the use of any special device. This effect occurs when the fre-
quency of one of the machine’s modes is similar to the frequency of the dominant mode of the boring bar.
As a result, the shape of the critical mode of the boring bar is mixed with the mode originated in the
machine, and the damping and stability will be higher than the one that is not subjected to any dynamic
coupling. The main contribution of this work is the application of this concept to increase stability in boring
operations. This objective has been achieved by optimising the tool length and material by means of a
dynamic model based on Receptance Coupling Substructure Analysis (RCSA). The model combines an
analytical model of the elastic body of the boring bar with the experimental characterisation of the effect of
the rest of the machine. This way, the shape and materials of the boring bar can be optimised to create an
increase of damping. The optimisation procedure has been experimentally validated resulting in an increase
of cutting stability and demonstrating that not always a shorter bar supposes a higher stability.
© 2022 The Authors.
CC_BY_NC_ND_4.0

Mode coupling

Introduction Due to the limited effectivity of the process-based solutions, the

increase of the cutting capacity of boring has been addressed mainly

In industry, internal machining operations are requested to
produce parts like valves, bearing seats, long centre bores of shafts,
pipes, engine cylinders and landing gears. The use of long slender
tools named boring bars is required in all the internal operations.
These cantilevered structures are prone to deflect and vibrate
causing degradation in the produced surface quality. The lack of
dynamic stiffness leads to self-excited vibrations known as chatter
[1,2]. This type of vibration limits the productivity of the boring
process, and in large length (L) to diameter (D) ratio holes (L/D > 4),
makes the operation impossible to be accomplished [3].
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increasing the dynamic stiffness of the boring bar [4]. The topolo-
gical optimisation of the boring bar cannot provide important im-
provements because the main geometrical parameters are fixed by
the part. From the material point of view, high Young modulus
materials like tungsten carbide have been used, but the stability
improvement is not very high [5]. This problem was addressed by
Rivin [3], suggesting a combined structure, which was made of
carbide in the clamped part of the bar and aluminium in the free
end. Graphite epoxy composite was selected by Lee and Suh [6],
registering 5 times higher cutting capacity than a steel made
boring bar.

The enhancement of the cutting capability of boring bars has
been faced successfully by the introduction of tuned mass dampers
(TMD) in the bars. Hahn introduced it for the first time for chatter
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suppression in the middle of the 20th century [7]. This early version
of damped boring bar based its working principle in the Lanchester
damper, where a moving mass is connected to the structure only by
a damping element. Donnies presented an improvement of this
concept, adding a spring element [8]. Although Lanchester type
dampers can dampen more than one mode [9], their efficiency is
lower than a complete TMD |[10]. This efficiency depends on the
tuning of the mass, stiffness and damping [11]. Sims developed the
optimal tuning formulation to maximise the stability against chatter
[12]. While these dampers made use of viscous fluids and rubbers to
introduce damping to the structure, dry friction-based dampers have
also been developed [13]. A different approach was proposed by
Matsubara, introducing piezo actuators in the base of the boring bar,
where the strain energy is maximum. These piezo-actuators were
connected to a LR circuit, which performs as a passive TMD [14].

Apart from these passive techniques, active damping has also
been applied in boring bars. One of the first attempts was published
by Glaser and Nachtigal based on a boring bar with two internal
longitudinal hydraulic chambers [15] (in general terms, active or
semi active approaches are based on devices located close to the tool
tip or embedded in the base of the boring bar). Following this last
approach, Tanaka et al. [ 16] placed piezoelectric actuators in the base
of the bar, driving them with direct velocity feedback control algo-
rithm. Electrorheological fluids have also been used in the base of
the bars [17] to suppress chatter with stiffness and damping ad-
justment. Electromagnetic technology has also been applied to
boring bars. Lu et al. [18] introduced this kind of actuator in two
radial directions next to the base of the boring bar, introducing the
force without contact for active damping of the bending modes. As a
different approach, several authors have located inertial actuator
close to the tool tip for chatter suppression. Tewani et al. [19] used
piezo actuators to move an inertial mass, in parallel to the force flow,
creating a counter force to dampen the vibration of the bar. Abele
et al. based their active boring bar on a magnetic inertial ac-
tuator [20].

Regardless of their effectiveness, all these passive and active
solutions require the development of a special tool with an em-
bedded damper. Although the TMD equipped boring bars are an
effective solution for large (L/D > 7) ratio boring bars, there are many
applications in the stability limit, where 4-6 L/D ratio tools are used.
In these cases, the avoidance of chatter without the use of tuned
mass dampers is highly attractive for machinists due to the high
additional cost of anti-vibration tooling. However, a different ap-
proach for the enhancement of the stability of boring processes
using standard tools can be applied by taking advantage of the dy-
namic properties of the machine where the boring bar is attached.
The idea is to select a boring bar in order to benefit from mode
coupling phenomenon, creating a natural TMD without any addi-
tional device and maximising the dynamic stiffness of the critical
mode. The application of this idea in the beforementioned overhang
cases is the main contribution of this work.

When two structures with different modes are mechanically
connected and their natural frequencies are similar, mode coupling
occurs. Then, the working principle is similar to a TMD where the
frequency of a controlled mode with high damping is tuned to be
close to the frequency of the critical mode [21]. As a result, a new set
of pair-modes is created mixing the shapes of the original modes and
increasing damping. This concept, however, can be applied in dif-
ferent ways: while the TMD is an additional device attached to the
structure in a parallel way in relation to the cutting force path, the
mode coupling can also be applied in serial way inside cutting force
flow without any additional device, by coupling the critical mode to
an existing mode of the machine. This is an important point because
the tuning process in serial configuration can reduce the cutting
stiffness in the cutting point.
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In the case of boring bars, as they are made in one single steel
part, the damping of their bending mode is usually low. In addition,
the turret of the lathe has its own vibration modes, and as the turret
is composed by several parts which involves many interfaces, the
damping value of these modes is relatively high [22]. Consequently,
if mode coupling occurs, the dynamic response of the bending mode
will be reduced, which in turn will increase the stability limit of the
boring operations.

The use of the mode coupling effect to increase cutting capability
was first studied by Duncan et al. [23] for high speed milling, ver-
ifying this effect experimentally. Houck et al. [24] developed a
tuneable boring bar holder by using this effect to increase the dy-
namic stiffness of the tool. Schmitz et. al. proposed receptance
coupling substructure analysis (RCSA) [25] to consider the interac-
tions between tools with different lengths and machine dynamics. A
similar approach was carried out by optimising the tail of a spindle
[26] for milling purposes. Apart from these tool focused attempts,
the mode coupling effect has also been used to increase the dynamic
stiffness of parts by using a tuneable clamping table [21,27].

The main objective of this work is to use the mode coupling effect
to increase the cutting stability without the need of any external
damping device. To achieve this goal, the modelling of the dynamic
flexibility of the combined machine/boring bar system by RCSA bar is
considered in the second section. Later, the predictions of the dynamic
model are verified experimentally. In the third section, the mode
coupling effect is induced designing two different bars by using the
length of the bar and different material distribution. Lastly, cutting
tests are carried out clearly demonstrating the effect of mode coupling
and the accuracy of theoretical description. As a result, it is proved that
certain boring bar can have higher stability than a shorter boring bar.

Modelling of the receptance of the boring bar

The main objective of this subchapter is to predict the receptance
or dynamic flexibility of the boring bar assembled on the machine,
so that the presence of mode coupling effect can be estimated. The
Frequency Response Function (FRF) in the tool tip is predicted by
using a hybrid approach based on RCSA [25], which allows the
coupling between experimental (machine side) and analytical (tool
side) FRFs in order to obtain the resultant FRF at the tool tip. The
present paper applies the methodology proposed by Park et al. [28]
to experimentally characterise the stiffness and damping of the tool
holder applying the inverse RCSA, and the method defined by
Mancisidor et. al. [29] to predict the dynamics of the tools in free-
free conditions based on the fixed boundaries approach for Ti-
moshenko beams.

The complete assembly is divided in three substructures (see
Fig. 1), including the machine with part of the interface between the
tool and the turret (M), the boring bar body (B) and the boring head

1
BAR Bopy (B) BoRING HEAD (H)

SUBSTRUCTURE SUBSTRUCTURE
0o O O
X
MACHINE (M)
o O O SUBSTRUCTURE ¢
y z
O O O

Fig. 1. Boring bar assembly is shown containing the machine (M) substructure, the
bar body (B) substructure and the boring head (H). The parts connect at points 2 and
3, while the cutting edge is located at point 1.
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Fig. 2. represents the inverse substructuring to determine machine side (machine+interface, M+I) dynamics [28].

(H), whose effect in the final assembly cannot be neglected. The
RCSA technique, based on Newton’s laws, is then applied at two
connection points, first at point 3 in order to couple machine and bar
body substructures (Eq. (1)) and second at point 2 to assemble the
result of the previous coupling (G,,) with the boring head sub-
structure (Eq. (2)):

G2 = Ry — Ry3(Rs3 + G33) 'Ry, (1)

(2)

being G;; the receptance matrices of an assembled structure between
sensing point i and excitation point j, referred always to FRFs in the
base on the machine, while R are the theoretical receptance ma-
trices of the substructure to be coupled obtained in free-free con-
ditions. These receptances include translational and rotational
degrees of freedom (see Eq. (3)), so that the wanted final transla-
tional receptance can be obtained as Hy; = Gyxix-

o[ )

Ry = [ } (rad/N rad/NmJ' 3)

RCSA technique requires to consider the additional structure at their
connection points with free boundary conditions. Therefore, in order

Gi1= Ry — Ria(Ry; + G2) Ryy

Gixix  Gixip

Gigix Gigip

m/N  m/Nm
rad/N rad/Nm

Rixix  Rixip

Rigix Rigip

Experimental modelling of the machine (Gs3)

In the present work, the machine (M) substructure is considered
as a common base for all the predictions, so its receptance matrix
Gs3 is obtained by means of experimental measurements. It could be
also theoretically obtained, but considering that the prediction of the
damping on the machine interfaces [30] is a difficult issue, the ex-
perimental characterisation of the dynamic response is an efficient
approach to estimate the stiffness and the damping of the interface
between the tool and the turret. The main problem is that the re-
sponses related to rotational degrees of freedom are not directly
measurable. For that purpose, the method proposed by Park et al.
[28] is used, wherein an inverse RCSA is applied over experimental
FRFs obtained with a short and a longer “dummy” bars attached to
the turret.

The method is based on three measurements (see Fig. 2): first,
the direct translational transfer function with the short bar is ex-
perimentally measured, assuming that Gs,s, = H3J™. After that, the
direct and crossed translational FRFs with the long “dummy” bar
(Hine, Hione) are experimentally measured, while the receptance
matrices on the long bar in free-free conditions
(Rins, Rl RIone RIONg) can be calculated by employing either Finite
Element Method (FEM) simulations or analytical beam theories (see
subchapter 2.2). Then, by assuming that Gsx3, = G3,3x, RCSA tech-
nique can be inversely applied to obtain responses related to rota-
tional degrees of freedom:

long ¢ pyshort longy plong _ pylong plong plong _ pyshort ¢ plong plong long _ plongy plong
c Hy3"® (H33°" + Ryysi)Royss 53 " RoxgeRaxsg 33 (R3x2xR2x3q: + (Hy 2x2x)R3x3q:)
3x3p = Tong pl long pl ] I ] ’
g plong ong plong ong ( plong ong
Hy3®Rosz — RoseRaoy + Ragax (Ryoy — Hyp™®) (4)
2 long _ pyshort plong plong long ¢ ryshort long yplong __ long plong short plong plong
G3x3pRay0x — H33° Rg03 R, + Hog (H33" + Rys)Res, G3x3pRay3xRaox + H33% Ray3Ra ok
long plong short long long
c + GapRy03Rany — H33%" (Gaxsp + Rayss )(Gawsp + Ry 33 )
393 = short plong long / ryshort long
H33°" Rz — Hp3® (H33°" + Rap53) (5)

to estimate the final response of the boring bar assembly, first the
obtention of machine receptance Gs; and free-free response of the
other two substructures are required. Next subchapters describe the
achievement of these receptances.
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Dynamic modelling of the bar body (R, R»3, R33)

The application of the RCSA requires the estimation of the re-
ceptances of boring bar body in free-free conditions. Since the
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objective of the work is to design a boring bar that meets the mode
coupling effect, it requires to theoretically estimate its response
before the bar body is manufactured. For that purpose, different
methods can be applied. FEM simulations can be used, although
complex modelling and meshing operations may hinder a quick
dynamic response obtention. Alternatively, analytical beam theories
such as Euler-Bernoulli’s or Timoshenko’s model can be applied.

The free-free receptances of the body of the boring bar can be
directly calculated by the beam theories. However, the accurate
prediction of the final receptance requires the calculation of a high
number of modes. In this paper, the analytical approach proposed
and validated by Mancisidor et al. [29] is adopted to overcome this
drawback. It employs Timoshenko’s beam theory in order to calcu-
late the substructure response in fixed-free boundary conditions and
the response is combined with fixed-boundaries method, adding the
effect of rigid movements restrained in the fixed side. In this way,
the benefits of Timoshenko’s theory in front of other beam models
are harnessed while the so-called cut-off frequency [31] of the Ti-
moshenko beam model can be eluded, leading to well represented
mode shapes for the final assembled model with the calculation of
few modes.

Fig. 3 shows schematically the fixed boundaries approach, where
the translation X(t, z) and rotation ¢(t, z) of the free-free boundary
conditions are calculated by the sum of the fixed-free responses
(x(t, z), @(t, z)) and the rigid body motion &(t) and rotation 8(t) of
the clamped side. Mathematically, it results as

) =x(t, 2) + 8(t) — 8(0)z = [1 = ZIA(t) + Yp_, Uk(2)q, (0),
) =p(t, 2) + 8(t) = [0 — T]A(L) + Yp_, U (2D (1), (6)

being A(t) = [§(t) 9(t)]", and g, (t) the modal displacements for the n
number of modes calculated by Timoshenko’s theory ([31,32]) for
fixed-free boundary conditions, while Uy (z) and Uy (z) are the mass
normalised mode shapes related to deflection and angular motion,
respectively. Then, according to [29], free-free condition modelled
FRFs between an arbitrary excitation j and sensing i points can be
calculated as

Rjj(@) = TQ ()T} 7)

The transformation matrix and the core FRF are given as

-1
1 -z - U[(Z]) — w?M, — w?M,
T = ) Q@) =|
0 —1 - Ug(z) — M —w? + S,
(8)
where
Ly -1l ) U(2)dz
M; =p 1,2 13 | c=pA Ig
_5[‘3 §LB _IO Ui(2)zdz - 9)

being , A and p the length, the cross section area and the density of
the bar, respectively. Regarding the damping of the monolithic parts,
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ZCM,2  2CM,1

1

Fig. 4. Required input data for boring head modelling.

it has been modelled as structural damping based on a constant loss
factor n of the material, which is multiplied to a diagonal matrix
containing the calculated natural frequencies wp:
Sh(w) = (1 +insgn w)diag w?2,. (10)
Numerical models based on finite element analysis (FEA) can be
used to obtain the response of the boring bar as well, but the use of
analytical formulae permits to accelerate the optimisation process
described in section 4. The good correlation between Timoshenko
beams compared to FEA models have been previously reported [29].

Modelling of the boring head (R;;, Rz, R22)

Due to the significant amount of mass and inertia of the head,
this element cannot be neglected in the calculation of the response
of point 1 (Fig. 1). This element acts like a linkage element between
the boring bar body and the cutting insert, and it is interchangeable.
Its bending can be neglected in the calculation, allowing its model-
ling as a rigid lumped mass element. (Fig. 4). Using analytical
Newton-Euler equations to describe the translational and rotational
inertial effects, free-free response between sensing point i and ex-
citation point j point, characterised by their distance to the centre of
mass (zcy) can be formulated as:

1 ZMiEeMy o zewmi
1 my ocm Ocm
Rij(w) = T2 zcm,j 1
ocm ocm (11)

The rigid element is characterised by the mass my and the mass
moment of inertia considered at the centre of mass (CM) (cymx and
Ocm,y, accordingly to each of the bending directions). The values of

L

FIXED-FREE response FIXED BOUNDARIES FREE-FREE response
o
¢ OF F’
—————————————————— e (& ¥

Fig. 3. Achievement of free-free boundary conditions response by adding clamped point movements to fixed-free boundary conditions response.
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Table 1

Boring bar geometric and physical details.
D d P E v n Lg> L3 my Ocmx Ocmy Zem2 Zema
(mm) (mm) (kg/m?) (GPa) (1) (1) (mm) (mm) (kg) (kgm?) (kgm?) (mm) (mm)
50 6 7800 210 0.3 0.01 175 275 0.576 1.94.10 1.85.10 21 15

_ (1+v)(1 +m2)2

d
= =0.8541, m = 2 [31
(7 +6v)(1 + m2)2 + (20 + 12v)m? 0.8541,m D (31]

the mass and inertia of the different heads for the simulations are
obtained from the CAD model provided by the manufacturer.

Experimental validation of the RCSA

In this subchapter, the analytical model used for the estimation
of the FRF of the boring bar assembly is validated. For that purpose,
Hi FRFs of two boring bars with different lengths (Lgp, Lgz in
Table 1), including a boring head and mounted on a Danobat TCN12
horizontal lathe have been estimated and compared to experimental
measurements.

The first step is to characterise the dynamic behaviour of the
machine (M), composed by the machine itself, the turret and the
Capto C5 tool interface. Following the work of [28], the combined
dynamics can be semi-analytically determined as a function of fre-
quency by measuring the direct translational receptance H3j" of a
short stub bar (Lg;=39 mm), and the direct Hi"¢ and cross Hi3"8 FRFs
for a longer dummy bar (Lg3=275 mm) (see Fig. 2).

The measurements taken by impact testing presented in Fig. 5a
clearly show on HIS" () and Hi" (w), that the first mode of the
dummy bar Lgs is located at 346 Hz. The short stub bar Lg; does
mostly have dynamics of the machine itself, so that
Gaxax (@) = H53°" () is justified. It can also be seen how significant
the machine dynamic behaviour is, especially compared to a com-
pletely stiff (rigid coupling) situation. Moreover, Fig. 5a shows the
turret modes of the lathe as dominant in x direction. The ~260 Hz
and the ~390 Hz (T1&2 in Fig. 5a) modes are torsional modes of the
turret structure roughly around its z axis creating relatively large
lateral compliance at the tool connection point. These modes were

separately confirmed with large scale modal analysis and are in the
range to produce effective coupling with the tool modes.

Having defined the machine dynamics, two boring bars (Lgy, Lg3)
have been modelled by using the method explained in section 2.2.
The bars used for these tests are made from the same monolithic
steel and they have the same cross section, with D as outer diameter
and d as inner diameter. The related geometrical and physical data
can be found in Table 1. Finally, a boring head with properties shown
in Table 1 and geometry sketched in Fig. 4 have been analytically
modelled and mounted on both bar cases.

An accurate prediction of the Hj; receptances is observed in
Fig. 6. Moreover, the effect of the dynamic behaviour of the machine
is clearly visible in the experimental measurements due to the ex-
istence of modes which are coupled with the bending mode of the
bars. It has been proved that the model is capable of estimating this
coupled behaviour.

Design of dynamically coupled bars

The main objective of this work is to use the mode coupling ef-
fect to increase cutting stability. In the previous section, the model
that allows an accurate prediction of the receptance at the tool tip
has been developed. In this section, the model will be used to op-
timise the tool in order to promote the mode coupling effect. This
optimisation can be done either by the modification of the tool
length or the modification of the material of the tool. In both cases,
the objective is to tune the natural frequency of the bending mode of
the boring bar with the modes of the toolholder. In addition, a
simple stability model has been used to validate the effect of

(a) - H;;ng N H;;ng —— Giyax = Hjs;\ort (b)
‘ ‘ ‘ short bar:
1076
Lp;

z
g 3
T
= 10
g 1 b
= ong bar:
2 Lg3
3 10

107° ‘ :

200 600

1000

frequency, w(Hz)

Fig. 5. a) shows the measured Hé‘;“g(w), Hg’g(w). Hshort (w) and the determined Gax3x(w) = H§or (w), receptances in x direction. b) the short stub (Lg;=39 mm) and the long

dummy (Lg3=275 mm) bars used for the method presented in [28].
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Fig. 6. Measured and predicted Hyq FRFs in their real and imaginary parts in the two transversal directions (xy) for the two different boring bar assemblies (Lg;=175 mm and

Lg3=275 mm).
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Fig. 7. a) shows the real parts of the simulated receptances Hjifor different lengths in x direction; b) shows the stability lobes estimated from the simulated receptances for

cutting conditions defined in Table 2.

638



A. Astarloa, A. Comak, I. Mancisidor et al.

CIRP Journal of Manufacturing Science and Technology 37 (2022) 633-644

Table 2 Table 3
Tool and material data. Mechanical properties of combined boring bar body materials.
Workpiece material AISI 1045 steel Material Young’s modulus (E) Density (p)
K (MPa) 1843 Steel 210 Gpa 7800 kg/m*
Cutting coefficients K, (MPa) 625 Aluminium 70 Gpa 2100 kg/m>
Kcq (MPa) 467
Tool Insert Sandvik SCMW 120408 5015
x (deg) 45
T (mm) 0.8

different boring bars on cutting stability. A detailed explanation of
this model can be found in the appendix.

Selection of the optimal length

With the same geometrical data as the one used in section 2.4,
Hy; FRFs of boring bar assemblies with boring bar lengths Lg from
175 to 315 mm have been estimated, being this overhang the unique
change in the geometry of the bars.

Fig. 7a shows the real part of the simulated H;; receptances in x
direction, which is the direction with the highest influence on the
boring stability. The stability estimations for cutting conditions de-
fined in Table 2 can be observed in Fig. 7b, calculated by means of
the method defined in the appendix. The direct flexibility in the z
direction and the effect of crossed receptances have not been con-
sidered in these simulations.

As expected, the stability model shows that the stability limit is
broadly related to the minimum of the real part of the FRF, as shown
in the literature [39]. Hence, the optimum length of the boring bar
should be selected with this criterion. It can be observed that instead
of showing higher flexibility as the overhang is increased, there are
some overhangs where this trend is not followed due to the presence
of mode coupling. When this happens, the logical rule of thumb that
relates higher overhangs with lower stabilities is not fulfilled.
Among the simulated options, Lg4:= 215 mm has been selected as the
optimal length.

Material optimisation

The previous section it has shown that a higher overhang can
result in a higher dynamic stiffness if mode coupling effect is pre-
sent. However, under some circumstances the length of the boring
bar cannot be modified. On the one hand, the length of the tool must
be equal or larger than the length of the bore to be machined. On the
other hand, the maximum length of the boring bar is limited by the
machine’s travelling distance and the length of the part. Hence,
these restrictions limit the application of the variation of the over-
hang in the search of the mode coupling effect.

Fig. 8. Combined material boring bar assembly.
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The change of the boring bar’s material allows the tuning of the
frequency of the bending mode without varying the external geo-
metrical dimensions of the bar. To validate this idea, a fixed boring
bar length has been selected (Lg = 255 mm), dividing the boring bar
body in two sections made of different materials. The bending fre-
quency can be modified by the variation of the length of the sections,
maintaining the total length of the bar. The model presented in
section 2 is used, where 2 body bars are joined by RCSA (see Fig. 8).
The mechanical properties of the selected materials are detailed in
Table 3.

Fig. 9 shows the result of the material optimisation. It can be seen
that the modification of the length of the segments allows a tuning
of the frequency of the bending mode. The negative real part of the x
direction receptance can be optimised for a combination of 225 mm
of steel and 30 mm of aluminium thanks to the mode coupling
(Fig. 9a). With this optimisation, a reduction of 50% is observed in
the amplitude of the real part when compared to a full steel bar.
Fig. 9b shows the stability estimations for cutting conditions defined
in Table 2, where the benefit carried out by the optimal material
combination is clearly observed.

Since aluminium section is located out of high strain energy area,
its lower density affects more than the reduction of the stiffness, so
that the natural frequency of the bar is increased with longer alu-
minium segments until a maximum value of [,=127 mm (Fig. 9c).
For larger aluminium segments, the tendency is inverted resulting in
a reduction of the natural frequency, and an important decrease of
the static stiffness. The discontinuities on the natural frequency
tendency show the mode coupling zone wherein the optimal alu-
minium length is selected ([,=30 mm). In this zone, the static stiff-
ness reduction is neglectable, being around 1% reduction for the
selected optimal aluminium length (Fig. 9d).

Experimental validation

The present chapter aims to experimentally validate the mode
coupling effect by measuring the benefit carried out by the optimal
length boring bar estimated on subsection 3.1. For that purpose, the
selected length (Lg4=215 mm) full steel boring bar has been manu-
factured and experimental measurements have been performed in
order to demonstrate the improvement, both in the dynamic re-
sponse of the system and in the stability of boring operations.

Experimental validation of the optimised bar dynamics

The manufactured boring bar (Lg4=215 mm), as well as the boring
head, have been mounted in the TCN12 lathe and its dynamic re-
sponses have been experimentally obtained (see Fig. 10). The figure
shows the comparison between the theoretical and experimental
FRFs of the selected bar, which clearly proves that the model is able
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lathe.
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to predict the combined dynamics of the boring bar machine tool
assembly.

In the x direction, which is the most important as it modifies the
chip width, hence affecting the stability, the selected bar (Lg4) pre-
sents significantly less flexibility than the other two bars (Lg;, Lg3),
which should result in higher cutting stability. Neither the short bar
Lg, (inconsistently) nor the long bar Lgs (unnaturally) can overcome
the dynamic stiffness of the selected bar (see Fig. 6).

Effect of the machine on the mode coupling

As the mode coupling is a phenomenon where the resulting FRF
depends of both tool and machine dynamic behaviour, selected bar
length assembly, in addition to the short (Lg=175 mm) and long
(Lg3=275 mm) bar assemblies have been mounted in 2 additional
clampings: the turret of a different lathe (Danobat NI750) and a
heavy duty milling machine bed. This last clamping consists of a 6-
metre-long cast iron bed, which has no vibration modes in the fre-
quency range of the bending modes of the bars, resulting in a very
stiff clamping without any mode interaction effect.

Predicted mode coupling effect has been proven for a bar selected
by RCSA estimations (Fig. 6 & Fig. 10) based on the dynamic beha-
viour of TCN12 lathe. However, the change of the machine sub-
structure (M) can completely modify the response of the assembly.
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Table 4
Cutting conditions.

Spindle speed (rpm) 250, 460 and 620

Cutting speed (m/min) ~ 120
Feed (mm/rev) 0.15
Depth of cut (mm) 0.2-3

Indeed, the stiff clamping made in the milling machine bed shows
(Fig. 11a & Fig. 11b) the trend where the dynamic stiffness and the
natural frequency are reduced as the overhang is increased. This
expected behaviour occurs due to the absence of interaction with the
modes of the clamping structure.

In the case of NI750 lathe (Fig. 11e & Fig. 11f), the mode coupling
effect is present, but as this lathe has a different dynamic behaviour
from the TCN12 one, the optimal bar length is different. Therefore,
the optimal boring bar length calculated in subsection 3.1 is only
valid for the TCN12 lathe.

Cutting tests

Finally the stability is verified by means of cutting tests per-
formed in three different spindle speeds (Table 4) by using the three
boring bar assemblies proposed in the previous chapter (Lg,, Lg3, Lps)
in the TCN-12 lathe.
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tests for the three boring bar lengths.

As shown in Fig. 12, experimental cutting tests show a significant
stability improvement when the coupled bar Ly, is used, while the
shortest bar Lg; offers lower stability despite its shorter overhang.
Specifically, the stability limit is almost doubled although the bar
length is increased by 23%. Finally, the longest bar Lz, undergoes
significant decline in stability as it was expected and the bar was not
able to perform stable cuts in any tried depth of cuts. The chatter
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XL

Fig. 13. a) The sketch of simple chamfered wedge like geometry turning model; b) detailed view of the geometry, where the nose radius part ¢ (red) and linear edge part L (blue)

can be differentiated.

frequencies match with the main critical mode frequencies mea-
sured for each of the bars (see Fig. 6 & Fig. 10).

The results prove that the linearity between bar overhang and
stability limit can be broken by the mode coupling effect. Therefore
mode coupling technique is demonstrated as a quite counter-
intuitive possibility to attenuate vibration for boring bars, by sys-
tematically finding a length where coupling can be established,
without the significant expected decline of stability.

Conclusions

The dynamic behaviour of the turret/machine side has an im-
portant role in the boring bar dynamics. It has been proven both
analytically and experimentally that mode coupling affects benefi-
cially to the dynamic behaviour of the boring bars increasing the
damping and the cutting capability. This way the use of tuned mass
dampers can be avoided, resulting in an economic and efficient so-
lution in shop floor environment for boring bars with slenderness (L/
D) below 7.

In workshop environment, the selection of the length of a boring
bar is subjected to the depth of the hole to be bored, choosing the
shortest possible overhang. However, the present paper demon-
strates that an improvement of machining stability can be achieved
taking into consideration the machine side’s dynamic behaviour in
the selection of the bar length, which may involve a higher overhang
than the geometrically needed one or a combination of different
materials in the boring bar.

With the presented RCSA based technique, the dynamic beha-
viour of the turret can be characterised, and the effect of different
bars can be simulated. On the one hand, resulting model has been
used to calculate the optimal boring bar length which have been
validated experimentally. On the other hand, the model can also be
used for a combination of materials in the manufacturing of the bar
in order to have mode coupling effect without varying the total tool
overhang.

Experimental measurements and cutting tests demonstrate that
the calculated optimal length bar does not only have better beha-
viour than the longer one, but it also has performed better than the
shorter one, due to the mode coupling effect.

Appendix

Stability of boring operation.

Although the model presented in section 2 is capable of pre-
dicting FRFs, a stability model has been used to estimate the effect of
different boring bars on cutting stability. Since boring operation
usually corresponds to operations with large ratio between chatter
frequency and tooth passing frequency, the process can be greatly
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affected by the process damping effect [33-35]. However, con-
sidering that the stability prediction is not the purpose of the pre-
sent paper and given the complexities of accurate turning stability
model, the authors propose to use a simple regenerative model of
turning operation [1,10] to compare relatively the effect of the mode
coupling in the optimisation process (section 4).

The edge geometry is simply considered as a wedge like geo-
metry (Fig. 13), with a chamfer for modelling the average effect of
nose radius (R).

A linear force model [36] has been used with local tangential (t),
radial (r) and axial (a) coordinate system, defined as

dFra(h) = (Ke + Kch)ds,

where K. and K. contain the edge and cutting coefficients in tra
system, respectively. In (12), h is the local chip thickness defined
approximately between two successive turns (0’—0) and in order to
calculate it, the insert is split into the nose radius part and the linear
wedge part (j = ¢, L) (see Fig. 13-b) extending the classical model of
Colwell [37]. The effect of the nose radius is considered with an
average lead angle (chamfer) x. = . (a) calculated depending on the
used depth of cut (wedge-chamfer). The tangent point L in Fig. 13 can
be determined to the centre point of the edge radius as

Rsinx, x #m/2,
R,

XL

—Rcosx, 7 =
{ x=m/2, (13)
The different involvement of the edge segments is determined as
follows

AX, = max{a — R - X, 0} and 4X. = min{a, R + X.}. (14)

Then, considering simple geometry, the lead angle of the edge-
radius-chord (chamfer) can be determined as

R + X
x, = arctan L

L

(15)

Knowing the lead angles on both parts, the chip thickness can be
defined for its part with projection in chip thickness direction
(nj = [—cosx; 0 sinx;]7 ) as
hi(8) = (f + Ar())m;, (16)
where f is the feed per revolution (f=vr) and
Ar(t) = r(t) — r(t — 7), being r the vibration movement in xyz co-
ordinate system (r(t) = [x(t) y(t) z(t)]") and 7 the regenerative delay
related to the angular velocity of the workpiece (r = 2n/Q). By
avoiding the strict derivation, the force is in xyz

AX;
sin x;

nyz(t) = Z TJ
j=elL

(Ke + Kc @ mjar(t) + Kof sinx;),
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where T; is the transformation matrix between tra and xyz co-
ordinate systems:

0 cosxj sinx;
=1 0 0
0 sinx; cosx;

T
(18)

Then, dynamic behaviour of the boring bar can be described in
Cartesian coordinates, where M, C and K are the mass, damping and
stiffness matrices, respectively, while modal transformation can be
performed by using mass normalised modal transformation ma-
trix U.

M i(t) + Ci(t) + Kr(t) = Fy,(t, r(t), r(t — 7)), (19)

U™ U q(t) + UTCU q(t) + UTKU q(t) = UTFyy(t, q(t), q(t — 7).
(20)
Assuming the proportional damping, the matrix valued equation
of the left-hand-side is diagonalised and decoupled, considering U;

as the column of the modal vector matrix related to each
mode (i =1, 2, ..,n).

G;(t) + 2&n,i+G;(8) + w2iq;(t) = UFy,(t, q(t), q(t — 7)), (21)

where the modal parameters can be obtained from the final trans-
lational receptance Hiq. This kind of equations can be analysed either
by semidiscretization [38| or Nyquist method [33]. In our case,
semidiscretization method has been used where the discretized
counterpart of the solution operator (step matrix) is derived, and if
the stability is ensured if all eigenvalues of the step matrix have their
magnitude less than unity.

Concerning the modal parameters, in a usual situation, the boring
bar has a clear dominant mode related to the bending/rotation of the
bar. Therefore, it is easy to perform a curve fitting and obtain modal
parameters for the application of the semi-discretization method. In
this situation, manual fittings such as Rational Fraction Polynomials
(RFP) [39] or Polyreference [40] can be applied efficiently.

However, when mode coupling happens, two modes are really
close and the accurate extraction of the modal parameters can be
complex. In order to simplify the process, this work employs the so-
called Impulse Dynamic Subspace (IDS)[41].

In addition, although vibrations in both x and z directions can
have influence on the stability, in the present paper only x direction
is considered given the considerably higher flexibility of boring bars
in this direction.
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